Oxidant-antioxidant balance is crucially important in maintaining healthy biological systems. Under physiological conditions, the human antioxidative defense system, including superoxide dismutase (SOD), catalase (CAT), glutathione peroxidase (GSH-Px), and glutathione (GSH), allows the elimination of excess reactive oxygen species (ROS), including superoxide anions (O 2 . ), hydroxyl radicals (HO .
Introduction

Free Radicals and Antioxidants
Free radicals are high-energy and non-stable compounds containing electrons that do not form one or more pairs in their external atomic orbitals. They are formed by removing an electron from a non-radical atom or molecule or by adding an electron to an atom or molecule (1) . The resulting radicals are very reactive and unstable. Because they can give electrons to other molecules or take electrons from them, they have reductive or oxidizing effects in the body. Reactive oxygen species (ROS), which make up a significant proportion of free radicals, are characterized by an oxygen atom with an electron that is unshared in the external orbit of the free radicals (2) . Humans live in the presence of a wide range of environmental stressors that increase the body ROS production, such as ultraviolet (UV) radiation, microbes, allergens, increased ozone, cigarette smoke, and polycyclic aromatic hydrocarbons (3) . Free oxygen radicals can often initiate many new free radical-forming chain reactions with a non-radical (oxygen-centered free radical) unpaired electron such as superoxide anion (O 2 .-), hydroxyl radical (HO.), alkoxyl radical (RO . ), peroxyl radical (ROO . ), hydrogen peroxide (H 2 O 2 ), hypochlorous acid (HOCl), and singlet oxygen ( 1 O 2 ), or ROS, which can be defined as an electronfree oxygen intermediate product carrier metabolite, oxidizes other compounds and can initiate free radical-forming chain reactions by converting them into free radicals (4) . Partially stabilized radicals such as urate radical (UrH .-), ascorbyl radical (Asc .-), vitamin E radical (VE . ), and phenoxy radical (PhI . ), which can be formed in an in vivo environment, and radicals such as reactive radicals (lipid radicals) and sulfur-centered radicals [e.g., glutathiyl radicals (GS . )], which include carbon-centered free radicals and are formed in an aerobic environment, have high oxidative potential (2) . The radical chain reaction typically continues until the anaerobic medium or substrate decreases. However, chain reac-tions can be stopped in the presence of non-radical product formation from two radicals or in the presence of chainbreaking antioxidants (VE, polyphenols) (5). Acute aerobic, anaerobic, and heavy exercise can result in excess reactive oxygen production (6) . In this regard, O 2 .-resulting from the monoelectronic reduction of oxygen is described as the precursor molecule of ROS (7).
Experimental animal studies have shown that the production of toxic oxygen metabolites is stimulated in stressful situations such as immobilization stress, sleep deprivation, and stimulated exercise (8) . Diets with excess fat and carbohydrate content and with partially low levels of antioxidant vitamins may also result in the overproduction of oxygen-derived radical products (9) . Oxidative stress originating from ROS increases and antioxidant activity decreases in other conditions such as metabolism of alcohol or pharmacological agents, tobacco, radiation (X-ray) for therapy, hypothermia, inflammation, and excessive iron loading. Therefore, chronic diseases such as cardiovascular diseases (CVD), cancer, and neurodegenerative diseases have been associated with ROS causally or as a risk factor (11) .
Antioxidants such as vitamin C and VE, carotenoids, and polyphenols that are taken exogenously are needed to balance our oxidant/antioxidant system because our endogenous antioxidant system is often inadequate to neutralize ROS during mitochondrial respiration and during normal cellular metabolism using molecular oxygen such as NADPH oxidase and xanthine oxidase (11) . However, in contrast to what is expected, high doses of antioxidants generally have an effect on enhancing oxidative damage through pro-oxidant activity (12) . The review focuses on the two-sided adverse effects of natural antioxidants. The relationship between the type, dose, and type of intake of exogenous antioxidants and beneficial effects will be discussed and the studies that show the two-sided adverse effects of exogenous antioxidants and the importance of the dose taken during the illness and during good health will be mentioned.
Evidences of Preclinical and Clinical Investigations
In Vivo Evidences Related to Exogenous Antioxidants
In recent years, the intensive appearance of the programs related to the role of antioxidants in human life and health in the media has increased their popularity in the public. Compared with oxidizable compounds (DNA, proteins, lipids or carbohydrates), antioxidants are defined as molecules that have low concentrations and that delay or prevent the oxidative damage caused by ROS (13) . Exogenous antioxidants play a key role in the delicate balance between oxidants and antioxidants in living organisms (14) . While high doses of ROS cause pathophysiological changes, low amounts are required for normal physiological functions such as those in the immune defense system, vascular tonus, and signal transduction (15) .
Living organisms have an antioxidant defense system (enzymatic and nonenzymatic) such as superoxide dismutase (SOD), glutathione peroxidase (GSH-Px), GSH, catalase (CAT), and bilirubin as well as exogenous antioxidants such as vitamin C, VE, and carotenoids that are mainly based on the diet (16) . As in case of the regeneration of VE by GSH or as case of the in the inhibition of lipid peroxidation by vitamin C, endogenous and exogenous antioxidants work synergistically to provide redox balance (17) . While VE clears lipid peroxyl radicals (LOO . ) as a hydrogen donor in order to stop the free radical chain reaction, ascorbic acid rapidly reduces the α-tocopherol radical and LDL to α-tocopherol in membranes and probably stops α-tocopherol radical-mediated damage (18) .
In fact, people have to take vitamins through nutrients because they cannot synthesize them, and plant foods (apple, banana, tomato, potato, onion, broccoli, and others) are the natural sources of antioxidants (19) . The main antioxidant compounds found in plant foods are phenolic or polyphenolic compounds in addition to vitamins. In particular, flavonoids commonly found in fruits and vegetables are molecules with strong antioxidant properties. Evidence related to in vitro studies demonstrates that plant-derived molecules such as polyphenolic compounds have antigenotoxic and anticytotoxic effects on oxidative stress-exposed cells (20) .
Although antioxidant activities are well known, exogenous antioxidants also show pro-oxidant activity at high doses and particularly in the presence of metal ions such as iron and copper (21) . Pro-oxidant activity is related to the molecular structure and concentrations of antioxidants (22) . In cell modeling studies that have recently been conducted, pro-oxidative effects of some polyphenolic compounds such as quercetin, catechin, and gallic acid, which are known as antioxidants, have also been revealed (23) . For example, in a study conducted using flavonoids (quercetin and fisetin), it has been reported that although flavonoids prevented cell death at low concentrations (10-20 mM), they caused cell death, DNA damage, and apoptosis at high concentrations (50-250 mM) in H4IIE cells (24) .
In addition to high concentrations of antioxidants, the presence of metal ions has been reported to play an important role, and epigallocatechin (EGCG) has been shown to cause oxidative damage in isolated cellular DNAs in the presence of metal ions (25) . In plants capable of reduction and chelation, nutritional antioxidants such as polyphenols show pro-oxidative activity in the presence of metal ions such as iron and copper, which are transition metals (26) . The first mechanism of the antioxidative properties of natural compounds is to give hydrogen atom (-RH) or electron (-R-) to the free radical (-R . ) with a direct effect. The second mechanism is as follows: when the antioxidant absorbs UV radiation or enters the antioxidation reaction as the chelator of transition metal ion, it acts as a singlet oxygen ( 1 O 2 ) activator or converts the hydroperoxide (ROOH) into nonradical products (27) . However, antioxidants show the most reductive power with the Fenton reaction in the presence of metal ions, particularly Fe 3+ and Cu + ions, and by increasing the formation of OH, which is a potentially quite harmful radical among peroxides (28 When the antioxidant polyphenolic compounds clear free radicals, they turn into less reactive PhIs that are stabilized by the delocalization of unpaired electron around the aromatic ring (25) . It is considered that the pro-oxidant activities of flavonoids of polyphenolic compounds are directly related to the number of OH groups present in the molecule (29) . While the pro-oxidant activities of mono-and dihydroflavonoids cannot be shown, flavonoids that are in the B-ring and contain more than three OH groups have been shown to significantly increase the OH production in Fenton reaction (30) . The pro-oxidant functions of flavonoids may also suppress their other beneficial effects. For example, the apoptosis and antibacterial effects of EGCG gallate depend on the conversion of O 2 .
-to H 2 O 2 by them (31) . In reference to recent studies, the fact that high doses of diet-induced polyphenols lead to mitochondrial dysfunctions and apoptosis due to their pro-oxidant activity supports the explanation of possible phytotherapeutic anticancer mechanisms (25) .
In addition to their antioxidative properties, the beneficial or harmful effects of natural antioxidant compounds depend on inflammation, nitrosative stress due to the overproduction of reactive nitrogen products, and carbonyl stress due to the excessive accumulation of reactive carbonyl products (32) . In addition to the biphasic effects of antioxidants on oxidative metabolism, natural compounds may have opposite effects on inflammatory reactions. For example, while ß-carotene shows low-dose antioxidant (2) and antiinflammatory effects on HL-60 cells, it has been reported to have a pro-inflammatory effect at high doses by increasing the production of tumor necrosis factor alpha (TNF-α) and interleukin-8 (IL-8), which are pro-oxidant and pro-inflammatory mediators (33) . Regardless of antioxidant activity, by interacting with the intracellular signal cascade in cells and binding to many ATP-binding sites such as mitogen-activated protein kinase (MAPK) or mitochondrial ATPase, calcium plasma membrane ATPase, and protein kinase A, polyphenols may also activate the pathways and show modulatory effects. The ability of certain antioxidants such as quercetin and naringenin to inhibit cytochrome P450 enzymes that include bioactivation of chemical carcinogens constitutes the other chemopreventive mechanism of polyphenols against the development of cancers, including lung cancer (35).
Experimental animal studies include epidemiological evidences and human studies. In animal studies, long-term intake of natural foods such as apples, olives, and honey has been shown to cause some adverse effects related to aging, including oxidative stress in the brain, mental disorders, and anxiety (36) . Potential side effects of exogenous antioxidants on healthy humans have been first revealed by demonstrating the carcinogenic and toxic effects of synthetic antioxidants such as butylated hydroxyanisole (BHA) and butylated hydroxytoluene (BHT) on rodents and apes at high concentrations, possibly with a pro-oxidative effect. Surprisingly, in animal models, BHA has been reported to exhibit anticarcinogenic activity against different carcinogens (37) . These different findings may be explained by the dose administered during treatment. In a certain part of the world, humans take 0.1 mg/kg of BHA and BHT per day. The LD 50 dose of these synthetic antioxidants has been reported to be 2 mg/kg in several animal studies, and its toxicity on human health has been increasingly confirmed in cases of chronic intake. Interestingly, the presence of antioxidants such as BHT and BHA in foods at high concentrations may also increase their deterioration depending on their pro-oxidant activity, rather than increasing their shelf life (38) .
In relation to humans, the healthy functions of dietary ingredients, such as antimutagenic, anticarcinogenic, and antiaging effects, are discussed in relation to their antioxidant properties (14) . Epidemiological studies investigating the preventive effects of natural antioxidant-rich diets on disease progression have played a key role in researches (35) . In fact, considering that the development of chronic diseases such as CVD associated with oxidative stress is prevented by plant-derived foods, researches have been conducted on the assumption that regular intake of fruits and vegetables is related to a long life span (39) . It has been found that long-term regular intake of vegetables and fruits reduces the risk of coronary artery disease and there is a negative correlation between high intake of vegetables and fruits and ischemic and hemorrhagic stroke (40) . However, an increasing number of evidences suggest that the beneficial effects of plant foods are due to the synergistic effects of the complex mixture found in the whole of fruits and vegetables rather than the specific compounds that they contain (41) . Epidemiological and observational studies conducted previously suggested that increasing the intake of carotenoid reduces the risk of development of gastrointestinal or lung cancer and the risk of CVD. However, one study showed that ß-carotene intake does not alter the incidence of nonmelanoma skin cancer, while another study showed that ß-carotene intake in smokers is not useful in reducing the incidence of cancer and can even increase the harmful effect (41).
Exogenous Antioxidants and Cancer
Despite intensive researches on the prevention of cancer formation in recent years, it is observed that the incidence of cancer is increasing worldwide. Although the intake of low-fat and high-antioxidant fiber foods is highly recommended, the incidence of cancer has not yet been reduced. One of the reasons may be that the manner and dose of intake of exogenous antioxidants are not well known in the prevention of cancer. In addition to studies showing the beneficial effects of antioxidants, there are studies suggesting that they have no effect or have harmful effects that increase the incidence of cancer (42) . Although some studies on cancer and antioxidants have shown a negative association between the risk of cancer and antioxidant-rich nutrition and low-fat and high-fiber diets, some studies have shown that a high intake of antioxidants through the diet increases the risk of cancer (43) . High-dose exogenous antioxidants are thought to increase the risk of cancer by causing an increase in ROS with a pro-oxidative effect. High doses of antioxidants selectively kill cancer cells also because of pro-oxidative effects. Because the endogenous ROS production is high due to the high metabolic activity of cancer cells, they can cause selective damage and death of cancer cells with a cumulative effect, along with the pro-oxidant activity caused by high-dose antioxidants (44) . Therefore, it is very important to determine the preventive and therapeutic doses of antioxidants. Preventive dose can be defined as the dose that does not affect the growth of cancer or normal cell or prevents cancer formation. Therapeutic dose is the dose that kills cancer cells (45) . For example, while the daily preventive dose to be taken in an adult human who is at a high risk of cancer is up to 500 IU of vitamin A, up to 2 g of vitamin C, up to 25 mg of carotenoids, and up to 200 mg of selenometinine, the therapeutic dose that is required to be taken by cancer patients who are under standard treatment or who do not receive any treatment should be 25,000 IU or more of vitamin A, 10 g or more of vitamin C, 100 mg or more of carotenoids, and 300 mg or more of selenomethionine (45) .
Some experiments have shown that antioxidants can enhance the antiproliferative effect of ionizing radiation and chemotherapeutics with a synergistic or additive effect in cancer cells and in an in vivo environment (46) . In these studies, it has been shown that high-dose antioxidants can enhance the efficacy of standard chemotherapy by reducing their toxicity to improve tumor response. The selective effects of high-dose antioxidants on tumor cells are not fully understood. However, high-dose antioxidants should be specified as therapeutic doses. Although it has been found that a high dose of antioxidants alone or in combination with standard therapy selectively kills cancer cells and a low dose of antioxidants increases the proliferation of cancer cells and lowers the efficacy of radiation and chemotherapeutic treatment, it has been shown that high doses of the same antioxidants inhibit the proliferation of some cancer cells (47) .
While some oncologists warn their patients to not take antioxidants during radiation therapy or chemotherapy, some oncologists recommend multivitamin preparations containing low-dose antioxidants even after the treatment (45) . These recommendations may be wrong because cancer cells, like normal cells, need micronutrients containing antioxidants in order to reproduce and survive. Low doses of dietary antioxidants may stimulate the proliferation of some cancer cells (48) .
Therefore, the use of multivitamin preparations containing low doses of antioxidants after treatment may be a risk factor to increase the recurrence of primary tumors by stimulating primary cancer cell residuals in some cancer patients. However, 60% of cancer patients receive antioxidant supplementation without the knowledge of oncologists, and most of them combine it with standard therapy. This can be detrimental by interfering with the efficacy of standard therapy because many multivitamin preparations contain antioxidants at preventive doses. Low doses of vitamins such as VE and vitamin C, selenium, retinol, and b-carotene can reduce cytotoxic effects by protecting cancer cells against free radical damage caused by chemotherapeutic agents or radiation used in standard therapy (49) . Most of the time, neither oncologists nor patients are well informed about the potential danger of receiving antioxidants at low preventive doses during radiation or chemotherapy (45) . Therefore, if antioxidants are to be used in combination with standard therapy in cancer patients, the following points should be considered: 
Conclusion
Free radicals are chemical products that carry an unshared electron in the outer orbit. Free radicals are produced in animals and plants during aerobic metabolism and can cause cell death in mammals and plants because of lipid peroxidation due to oxidative stress and can cause protein and DNA damage or chronic diseases such as CVD and cancer.
Because the antioxidant enzymes and other molecules produced endogenously are insufficient to prevent the oxidative damage caused by free radicals, the antioxidants taken exogenously are useful in protecting against free radicals and play an important role in preventing many diseases and cancer in humans. However, a high dose of exogenous antioxidants can cause chronic diseases such as cancer by causing pro-oxidantinduced oxidative damage. Thus, while exogenous antioxidants reduce oxidative stress at low doses, which are preventive doses, they can enhance the selective death of cancer cells and the effectiveness of standard therapy by increasing ROS production with a pro-oxidative effect at high doses, which are therapeutic doses.
It should be noted that antioxidant-containing foods and phytotherapeutic agents containing antioxidants that are commonly used worldwide, in particular, may have opposite effects like two-sided sharp swords. It should be kept in mind that every phytotherapeutic agent commonly used in conventional medicine should be used aiming at the target, as in synthetic medicines, after the doses to be used in the prevention of disease or in the treatment of chronic diseases such as cancer are determined by preclinical and clinical studies; otherwise, it may cause serious damage instead of benefit.
